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must not occur prior to the arrival
of an AP endonuclease at the site
of action. If sumoylation takes
place without the need for
downstream enzymes,
dissociation of TDG from the
DNA in vivo must be slowed
down until protection of the AP
site is guaranteed. 
Takahashi et al. [15] recently
demonstrated that TDG is also
capable of interacting non-
covalently with SUMO, a property
shared by many other SUMO
targets, which is believed to serve
as a ‘molecular glue’ to facilitate
the assembly of multi-protein
complexes [2,4–6]. As the SUMO
interaction motif on TDG is
situated adjacent to the modified
lysine in the carboxy-terminal
domain [15], it is unlikely to
contribute to the observed
conformational changes in an
intramolecular fashion. Instead,
non-covalent interaction with
SUMO was shown to control the
protein’s subcellular localization
to PML nuclear bodies, thus
suggesting one of the more
conventional strategies available
to SUMO to exert its regulatory
power over its targets.
Nevertheless, even its influence
on TDG’s conformation is
somewhat reminiscent of a true
Sumo wrestler: according to a
less frequently applied rule of the
game, a bout is won when the
opponent’s mawashi, the
traditional belt of the Sumo
wrestler, becomes completely
unravelled.
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Mitosis is the process of
chromosome separation that
precedes cytokinesis. During
mitosis in a eukaryotic cell, the
mitotic spindle microtubules are
connected to chromosomes via a
kinetochore, a protein complex
that bridges the centromeric
sequences on the DNA with the
spindle. Prokaryotes also need to
segregate their chromosomes in
order to produce viable progeny
cells; however, no mitotic spindle
equivalent has been found in
bacteria, perhaps because
bacterial cells often have just two
daughter chromosomes to
separate, and the separation
distance is much shorter. No
evidence for a bacterial
kinetochore has been found
either — until now.
In the original model for bacterial
chromosome segregation,
chromosomes were thought to be
attached to the cell membrane and
to be segregated passively, as a
result of cell elongation [1]. Two
breakthroughs led to revision of
this model. The first was the
discovery that chromosomal origin
(oriC) regions move toward the cell
poles much more rapidly than one
would expect were their separation
driven just by cell growth,
implicating an active partitioning
machine [2]. The second was the
discovery of prokaryotic homologs
of tubulin and actin. In a curious
reversal of functions, the tubulin
homolog is required for bacterial
cytokinesis but not mitosis, while
one of several actin homologs has
been implicated in chromosome
segregation. This actin homolog,
MreB, is strikingly similar to actin
both in molecular structure and in
its ability to assemble into ATP-
dependent filaments [3,4].
In the bacterial cell, MreB
forms a membrane-associated
coiled structure that often
extends along much of the cell
length [5]. Depletion of MreB in
rod-shaped bacilli such as
Escherichia coli and Bacillus
subtilis, or crescent-shaped
Caulobacter crescentus, causes
the cells to lose their
characteristic shape. Additional
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MreB is a prokaryotic homolog of actin involved in cellular
organization and chromosome segregation. Recent results suggest
that MreB is part of a kinetochore-like complex that specifically
segregates the replication origin region of the bacterial
chromosome.
evidence, including the absence
of MreB in cocci and the
localization dependence of cell
wall biosynthetic enzymes on
MreB, strongly supports the idea
that MreB directs the cell wall
machinery to maintain cylindrical
cell wall growth [6,7]. 
It was also discovered by
several groups working on each
of the bacterial systems
mentioned above that
perturbation of MreB causes
severe problems with
chromosome segregation,
including the alteration of oriC
positioning [8]. These problems
arise prior to significant changes
in cell shape, implicating MreB
as an important player in
bacterial mitosis. However,
because MreB is essential in
most cases and is involved in a
number of crucial aspects of
cellular organization, including
cell polarity and division [9], it
was difficult to make firm
conclusions about a specific
interaction between MreB and a
chromosome segregation
machine.
A recent paper by Gitai et al.
[10] provides strong additional
support for MreB having a role in
chromosome segregation by
demonstrating a specific
association between MreB and a
region of DNA near oriC in C.
crescentus. One key to obtaining
this new information was a drug,
called A22, which circumvents
problems with slow depletion of
MreB or reliance on expression of
altered MreB proteins to obtain
phenotypic effects. A22 was
originally found to induce
normally rod-shaped E. coli cells
to become spherical and
subsequently die, and can also
kill a number of other bacterial
species [11]. As other proteins
are also important for cell shape
in bacteria [12], it was important
to determine whether A22 is
specific for MreB.
Gitai et al. [10] demonstrated
this specificity by isolating C.
crescentus mutants that are
resistant to A22 and mapping all
the mutations to the ATP-binding
pocket of MreB. These mutations
in MreB are not only necessary,
but also sufficient for drug
resistance. Furthermore, the A22
resistant mutants grow fairly
normally in the presence of the
drug. Importantly, the typical
spiral localization pattern of
GFP–MreB was seen to be
abolished within a minute of drug
addition, and restored within a
minute after drug removal. This
rapid and specific inactivation of
MreB coils meant that A22 could
be used to rapidly and reversibly
inactivate MreB function, an ideal
property of a small molecule
inhibitor.
The stage was now set to ask
whether inactivation of MreB
affects chromosome segregation.
Using a fluorescent
operator–repressor system to
label two different segments of
the chromosome in the same cell,
Gitai et al. [10] showed that,
when A22 was added prior to
initiation of chromosome
replication, it blocked normal
duplication and poleward
mobility of oriC as well as
another region of the
chromosome. As expected,
subsequent cell division was
also blocked. 
Because of the ability to
synchronize C. crescentus cells
according to their cell-cycle age,
it was possible to determine
exactly when the inhibition by
A22 occurred. When A22 was
added after replication started
and after the initial poleward
segregation of oriC, but before
replication of the remainder of
the chromosome, the duplication
and segregation of origin-distal
segments of the chromosome
proceeded normally. This
indicated that A22 does not block
DNA replication elongation, but
specifically inhibits the
segregation of oriC-proximal
DNA. Other methods were used
to confirm that A22 does not
inhibit either the initiation or
elongation of chromosome
replication. Based on these
results, Gitai et al. [10] propose a
two-step model for chromosome
segregation: first, oriC is rapidly
moved poleward via MreB; and
second, the rest of the
chromosome follows
independently of MreB. The
combined action of DNA
compaction proteins such as
SMC and the extrusion from the
replisome may be sufficient for
this second stage [13].
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Figure 1. Actin-like protein MreB in bacterial mitosis.
Top: speculative time course of MreB coil-dependent chromosome segregation. C.
crescentus cells are depicted before (A) or after (B–H) initiation of replication and
duplication of oriC. The oriC region is shown moving down the MreB coil, with the entire
poleward migration complete in about 10 min (B–F). After more growth and oriC
segregation, but possibly prior to completion of the round of replication, the MreB coil
relocalizes to mid-cell (G–H). This collapse of the coil could be caused by depolymer-
ization of MreB subunits, resulting from dynamic instability. Bottom: one possible
model for the movement. ParB binds to multiple sites on the centromeric DNA near
oriC. Driven by a putative motor protein that interacts with both ParB and MreB, the
ParB–oriC complex tracks unidirectionally down the membrane-bound MreB coil
toward the cell pole (arrow).
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This was already an important
insight, but Gitai et al. [10] went a
crucial step further. Using
chromatin immunoprecipitation,
they showed convincingly that
MreB binds specifically, either
directly or indirectly, to a small
region of the C. crescentus
chromosome that includes oriC
and several kilobases on either
side [10]. This is similar to the
region of DNA bound by ParB,
another C. crescentus protein
that exhibits severe chromosome
segregation problems when
inhibited [14].
Because there is no evidence
that MreB binds directly to DNA,
it is likely that it participates
along with ParB as part of a
kinetochore-like complex to bind
a centromeric sequence near
oriC and actively move this
region toward the cell poles. B.
subtilis has MreB and two
additional MreB-like homologs,
as well as a ParB homolog,
Spo0J, which binds a
centromeric sequence,
suggesting that a similar
mechanism may exist for
chromosome segregation in this
organism [15]. 
Nevertheless, an MreB/ParB
chromosome segregation
mechanism cannot be universal,
as there are many species that
lack MreB, including a wide
variety of cocci and even some
rod-shaped relatives of C.
crescentus [16]. Furthermore, E.
coli has MreB but lacks a
ParB/Spo0J homolog; a locus
called migS probably acts as a
centromere in this organism [17].
How might bacterial actin
function in chromosome
segregation? The binding of
MreB to ParB, possibly via
another protein, might be
sufficient to connect the oriC
region to the MreB coil at the
membrane. This sounds a bit like
the Jacob model revisited,
except now the MreB coil would
actively move the centromere
about 10 times faster than cell
elongation (>0.1 µm versus <0.01
µm per minute) [18]. 
The segregation mechanism of
plasmid R1 of E. coli is a striking
prototype: plasmid-encoded
proteins ParR and ParM are
analogous to ParB and MreB,
with ParR binding a specific site
on the plasmids to pair them.
ParM, which is also an actin
homolog with F-actin-like
assembly properties, binds to the
paired ParR complexes and
polymerizes into a filament that
extends the length of the cell,
pushing the plasmids apart [8].
Dynamic instability of this
filament causes rapid
disassembly once segregation is
complete [19].
Does the MreB coil move DNA
directly? In C. crescentus, the
extended MreB coil condenses as
a band at mid-cell prior to cell
division, and this relocalization is
dependent on the bacterial tubulin
homolog FtsZ [6]. This collapse of
the coil may turn out to be
analogous to the post-segregation
disassembly of ParM. Yet there is
no evidence for a ParM-like rapid
extension of the MreB coil during
the period that would correlate
with oriC movement. So while it is
possible that MreB polymerization
may push oriCs apart, it is also
possible that the MreB coil may
serve as a relatively passive track
for a myosin-like protein to move
the DNA (Figure 1). 
No obvious motor protein
homologs have been identified in
bacteria, although DivIVA, a protein
important for polar positioning of
oriC during sporulation of B.
subtilis but absent in Gram-
negative bacteria such as C.
crescentus, exhibits sequence
similarity to tropomyosins [20]. The
contribution of other ATPases such
as MinD and ParA homologs in
plasmid and chromosome
segregation and their potential
interactions with actin homologs
also will need further exploration.
The next act in the bacterial actin
drama will be to elucidate the
components of the putative
kinetochore and to understand
how the force to move the
centromeres towards the poles is
generated.
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